The mass transport or flux of neurochemicals in the brain and how this flux affects chemical measurements and their interpretation is reviewed. For all endogenous neurochemicals found in the brain, the flux of each of these neurochemicals exists between sources that produce them and the sites that consume them all within µm distances. Principles of convective-diffusion are reviewed with a significant emphasis on the tortuous paths and discrete point sources and sinks. The fundamentals of the primary methods of detection, microelectrodes and microdialysis sampling of brain neurochemicals are included in the review. Special attention is paid to the change in the natural flux of the neurochemicals caused by implantation and consumption at microelectrodes and uptake by microdialysis. The detection of oxygen, nitric oxide, glucose, lactate, and glutamate, and catecholamines by both methods are examined and where possible the two techniques (electrochemical vs. microdialysis) are compared. Non-invasive imaging methods: magnetic resonance, isotopic fluorine MRI, electron paramagnetic resonance, and positron emission tomography are also used for different measurements of the above-mentioned solutes and these are briefly reviewed. Although more sophisticated, the imaging techniques are unable to track neurochemical flux on short time scales, and lack spatial resolution. Where possible, determinations of flux using imaging are compared to the more classical techniques of microdialysis and microelectrodes.
Introduction
The brain is a unique structure through which cell-to-cell communication occurs via electrical and chemical processes. This cell-to-cell communication occurs through an inhomogeneous environment via discrete sites for chemical release (sources) and uptake (sinks). Interpreting data obtained from in vivo chemical measurements in the brain requires significant understanding of the many different mass transport processes that may be occurring simultaneously during the measurement process. Particular considerations include the brain tissue structure, 1 analyte generation and removal processes, and processes that would alter analyte mass transport during different pathological conditions. Of the more than 200 identified analytes of importance to neuroscience, the vast majority of these solutes are measured using electrochemical methods or collected via microdialysis sampling techniques. 2 Chemicals important to brain function fall under numerous classifications and include gases, such as oxygen and nitric oxide; ions such as Cl − , Na + , Ca 2+ , and K + ; molecules significant to energy, such as ATP, lactate, and glucose; classical neurotransmitters, such as dopamine, GABA, glutamate, and serotonin; neuropeptides, and more recently bioactive proteins including chemokines and cytokines. Each of these different analytes has its own unique source or generation site as well as its own type of removal or degradation process (and sinks) within the tissue. A simplified schematic of these sources and sinks is illustrated in Fig. 1 . It is critical to realize that distances between a neuronal synapse are roughly 20 nm and distances between capillaries are roughly 30-70 µm. Due to the requirement for analyte diffusion to reach implanted devices, combined with the heterogeneous nature of the brain tissue, it is appropriate to be mindful that "the brain is not a beaker". 3 The geometry and distances between these sources and sinks and implanted devices has been an important topic with respect to data interpretation. For any analyte to be detected by an electrode or collected into a dialysis probe, the analyte must be able to diffuse away from its release site into the extracellular space (ECS) to be detected. Many analytes can be rapidly removed from the ECS via metabolism or uptake while incurring their diffusive mass transport to the implanted measurement device. The combination of different removal processes that can occur within the synapse have been referred to as buffered diffusion and have been mathematically modeled. 4 Moreover, removal of many analytes from the extracellular space (ECS) involve different processes or different sinks in the brain.
This review discusses flux considerations for detected neurochemical analytes in the brain. The most common invasive probes, microelectrodes and microdialysis, consume the analyte in the process of measurement. The consequences of this are discussed in detail. If imaging methods are used for these analytes, this information has been included. Any discrepancies that exist between the different measurement processes are noted.
Flux in biological systems

Solute diffusion through tissue water space
Cells in the brain (neurons and different types of glial cells: astrocytes, microglia, and oligodendrocytes) comprise approximately 80% of the overall tissue volume, called the intracellular space (ICS). The remaining 20% of the volume is the aqueous fraction called the extracellular volume fraction, ϕ ECS , through which nearly all solutes diffuse from cell-to-cell. Gasses (nitric oxide or oxygen) or highly lipophilic solutes such as ethanol can diffuse through cells. It should be noted that other tissues have different volume fractions so the 80/20% ratio between the intracellular space to the extracellular space is unique to the brain.
This tissue heterogeneity causes solutes to diffuse through the extracellular space (ECS) with a tortuous path. The tortuous path can be defined as the tortuosity (λ) and is the square root of the ratio between the aqueous diffusion coefficient (D aq ) and the observed diffusion coefficient in the ECS (D ECS ), λ = (D aq /D ECS ) 1/2 . For low molecular weight solutes diffusing through the brain ECS, λ has been found to be approximately 1.5 with different brain regions varying between 1.4 to 1.7. 6, 7 Proteins and other high molecular weight solutes have λ values of approximately 2.2 or greater. Different pathological conditions cause tortuosity to increase.
8-10
Flux
Flux is defined as the moles (or mass) of material that moves through a defined area per unit time. Fick's law is frequently invoked when describing flux driven by concentration gradients (eqn (1.1)). In one dimension (1-D), Fick's first law states that flux, J (mol m −2 s −1 ), is proportional to the solute diffusion coefficient, D (m 2 s −1 ) and the change in concentration, C (mol m −3 ) per unit distance or length, x (m). When describing diffusion in more than 1-D, the mathematical symbol, del, ∇, is used (eqn (1.2)). In biological systems, solutes diffuse through the heterogeneous tissue space and undergo chemical reactions such as binding to receptors, metabolism, and other removal processes in three dimensions (3-D). Fick's second law describes the derivative denoting the change in flux per unit distance and thus the change in concentration vs. time is denoted in eqn (1.3).
J ¼ ÀD dC dx ð1:1Þ
The flux of solutes through the brain can be altered by chemical reactions, such as the uptake via transporters or enzymatic degradation. To account for chemical reactions through the flux-defined space, specific reaction terms, R, are added into the overall flux equation (eqn (1.3)) defining the rate of change leading to eqn (1.4) . Eqn (1.4) states that the rate of change of analyte concentration (∂C/∂t ) is a function of the diffusion processes through the tissue combined with any type of reaction, R. Note that the reactions (R) include both removal or sink processes as well as generation. However, for clarity, G, is sometimes used for generation allowing R to possess the negative sign indicating removal. For biological systems, identifying the level to which R influences analyte transport through the tissue may aid in vivo data interpretation from devices that are sinks since they remove the analyte (R (device) ). To account for a measuring device that acts as a sink, eqn (1.4) can be rewritten to give eqn (1.5) which states the observed concentrations in the tissue space are a combination of diffusion processes, solute generation (e.g., release from a neuron or input from a capillary), endogenous tissue removal or sink processes (e.g., metabolism and uptake) and removal due to the analytical measurement device. When sources and removal processes are balanced, then the concentration vs. time derivative has a value of zero denoting that solute mass transport processes are residing at a steady state. At steady-state the concentrations measured with an implanted device would be constant over time. Indeed, this approach to steady-state concentration or output could be used to estimate some of the analyte tissue kinetic and diffusive values.
Note the mathematical descriptions written above to illustrate the issue of flux combined with diffusion and removal processes are in Cartesian coordinates. Both implanted electrodes and microdialysis sampling devices when implanted into the brain would not be defined by Cartesian geometry. For microelectrodes, the geometry approaches spherical diffusion. Microdialysis sampling is best modeled using cylindrical coordinates due to the membrane lengths being at minimum two times or greater than the device diameter (1 to 30 mm length vs. 500 µm diameter).
For neurochemical solutes, the sources and sinks are unique to each solute. Ions are pumped to and from ion channels located on cells. Neurotransmitters are released from vesicles at neuronal synapses and can be removed via different processes including uptake transporters and receptors. Solutes necessary for energy production such as O 2 and glucose are passed through the microvasculature either by passive diffusion (O 2 ) or in the case of glucose by transporters since glucose is prevented from crossing the blood-brain barrier (BBB), a barrier imposed by the tight endothelial lining across the capillaries entering the brain.
Noting that the net flux of the analyte is altered by removal processes, it is fair to ask the question regarding how implanted analytical devices may influence the flux balance of different solutes at the implant site. We will turn our attention next to the different types of flux-based devices that have been employed for in vivo chemical analysis and will provide a general comparison of flux between these devices.
Bulk flow in the brain
Many of the diffusion-based models of transport in the brain do not include fluid convection. For many low molecular weight solutes including neurotransmitters and their metabolites, removal from the brain is via various transporters located either on neurons, glia or capillaries. These removal processes have sufficient kinetics to be dominant compared to convection. However, convection does play a role in high molecular weight solute removal. For larger molecular solutes such as proteins that may have different pathological effects, convective transport is believed to remove these solutes. However, to get to the ECF from the brain fluid still requires diffusion through the ECF space.
11 Recent spectroscopic imaging modalities have shown that convection may play a more important role in large macromolecule transport than previously believed. [12] [13] [14] Convection is particularly important for removal of proteins as these molecules have far lower diffusivity and have increased tortuosity and thus decreased effective diffusivity through the brain.
Flux differences among common chemical measurement techniques used in the brain
Given the variety of solutes of neurochemical interest that range from ions to proteins, there is certainly not a "one technique fits all" approach to performing neurochemical measurements. Electrochemistry and microdialysis sampling are the most common methods used for chemical analyses in the brain. 15, 16 These two techniques are invasive and fluxbased measurement techniques that remove material from the brain extracellular space (ECS). Measurement methods that are not based on flux such as imaging techniques (PET, MRI, EPR, and fluorescence) will be discussed within the individual analyte sections as appropriate. All implanted devices commonly used for chemical measurements in the brain are significantly greater than the length between a synapse or capillaries. Capillaries in the brain are approximately 30-70 µm apart from each other in rat brain and this distances has been determined in the cortex using two-photon microscopy. [17] [18] [19] The neuronal synapse has a size of approximately 20 nm. . Therefore, just the shear difference in external diameters of these devices would lead to flux differences due to large differences in their overall surface area as shown for different typical examples in Table 1 . There is an increased use of finite-site electrode arrays where the electrodes are spaced at various distances along the shaft and are used for different types of measurements. [21] [22] [23] [24] [25] [26] How such multielectrode sites might influence flux or help elucidate flux has not been critically evaluated. All of these devices have diameters significantly larger than the sizes of the sources and sinks for the solutes that are being measured.
Electrochemical methods
Electrochemical methods have been used for measurement of different analyte classes in the brain for decades. [27] [28] [29] [30] and serotonin). These in vivo electrochemical methods used in the brain have been extensively described in a freely-available book. † 15 The diffusion profiles and geometry considerations for amperometric electrodes were performed in the early-to mid-1980s by the Wightman group. [31] [32] [33] [34] 3.1.1 Role of temperature in electrochemical measurements. Electrochemical measurements are temperature dependent as temperature affects diffusion coefficients and enzymatic rates (for enzyme-based biosensors). During periods of high neuronal activity, localized temperatures can increase. 35 Alterations in current for null-glucose sensors (those not based on glucose oxidase) have been reported in studies with cocaine administration leading the authors to believe the response is due to localized temperature fluctuations. 36 This important topic for neurochemical measurements has recently been reviewed and should be considered during measurement processes. 37 
Microdialysis sampling
Microdialysis sampling has been extensively used for collecting solutes in the brain for both basic and clinical research studies. 16, 38, 39 During microdialysis sampling, a perfusion fluid that closely matches the ionic composition of the ECS is passed through the inner lumen of a dialysis fiber at µL min
flow rates. The amount of material collected into the microdialysis probe is a complex function of the analyte diffusion coefficient, analyte mass transport properties (e.g., removal kinetics), the membrane surface area (longer membranes extract more), volumetric flow rate of the perfusion fluid, and tissue properties. [40] [41] [42] [43] The amount of material recovered into the dialysis probe, C (dialysate) , is related to a known sample concentration, C (sample) , and this is termed relative recovery (RR), i.e., RR = C (dialysate) /C (sample) . Microdialysis sampling removes far less material from the surrounding tissue space with low flow rates as compared to high flow rates as shown in Fig. 2 . Calibration techniques for microdialysis sampling have been well-described. [44] [45] [46] 3.2.2 Mass transport. Bungay and colleagues provided the most complete mechanistic approach to the modeling of mass transport processes during microdialysis sampling. [47] [48] [49] Building on the use of the mass transport coefficient approach that is ascribed to individual analytes, 45 they derived a series of equations using steady state conditions to define how microdialysis extraction efficiency (EE) changes with different parameters related to the analyte mass transport resistance of the microdialysis probe including perfusion fluid flow rate (Q), the dialysate (R d ), the membrane (R m ), tissue (R ECS ), and recently, any trauma layers associated with tissue damage upon microdialysis probe insertion. 48 Eqn (1.6) shows the steady state version of Bungay's work which has been described in several places. 47, 50 The important point here is that EE will be different for solutes with different mass transport properties in the tissue. 
Comparisons between flux-based and non-flux based measurements
Noninvasive imaging has become a useful clinical tool in neuroscience. 64 An advantage of clinical imaging studies is that unique solute maps can be obtained for both the rat and mouse brain. 65, 66 For example, comparisons between differences between oxygen measured with electrodes vs. electron paramagnetic resonance (EPR) or magnetic resonance imaging (MRI) methods have been reported. Other studies and reviews have compared magnetic resonance spectroscopy (MRS) to microdialysis sampling. 67 More details about these comparisons will be given in the individual analyte sections.
Minimally invasive measurement tissue damage
Insertion of electrodes or microdialysis sampling probes into any tissue will cause tissue damage and a concomitant foreign body reaction that appears to be size dependent. [68] [69] [70] The presence of damage can raise serious questions about how that damage may either influence the measurement process or the localized physiology that governs analyte flux to the device. Additionally, while there is quite a bit known or hypothesized about different solute mass transport in healthy tissue, the effects of wounded or diseased tissue on the outcome of measurements is in need of significant study. Different perspectives related to damage particularly after microdialysis device insertion in the brain have been provided in the literature. 56, [71] [72] [73] [74] [75] [76] Chemical differences have been denoted in the brain for redox-active solutes after probe insertion. 77 Some of these issues will also be more fully addressed in the individual analyte sections.
Few researchers have compared implantation techniques and how the associated damage may influence recovery of materials which is ultimately an alteration in flux. However, while difficult to find this information, it is available in the literature and differences have been reported in catecholamine collection after different dialysis sampling insertion periods. [78] [79] [80] [81] This has also been mathematically modeled for dopamine using the zero-net flux approach (ZNF), with the conclusion that microdialysis sampling is more sensitive to nerve terminals not generating ( producing) dopamine near the probe membrane. Indeed, this has been demonstrated recently with including anti-inflammatory drugs into the perfusion fluid after microdialysis implantation resulting in significant reduction in dopamine-neuronal death. 82 Others have noted the importance of ensuring that neurotransmitter release is sensitive to tetrodotoxin (TTX) treatments (ion channel dependence), have autoreceptors and are congruent with behavioral studies. 83 
Oxygen
Within the brain, reductions in oxygen concentrations can rapidly lead to cellular death and poor clinical outcomes. Oxygen has been widely measured in vivo and issues of flux are critical for this solute.
Sources and sinks
Oxygen is transported into the brain via the capillaries which have approximate distances of 30-70 µm from each other to ensure sufficient nutrient delivery. At any point in the tissue the partial pressure of the oxygen ( pO 2 ) is a balance between the oxygen supplied by the microvessels, a source, and the local metabolic demand, a sink. 84 In the microenvironment (100-200 µm radius), oxygen supply depends upon the rate of flow and the oxygen content of the blood and vessel geometry. For oxygen sinks, it has been possible to measure local rates of oxygen consumption in regions bound by microvessels first using microelectrodes measuring oxygen, and later, spectroscopic techniques. Measurements of O 2 in the brain fall under a few main transduction categories -electrochemical and spectroscopic (minimally invasive) and imaging-based techniques (noninvasive). The electrochemical techniques will measure only oxygen that is diffusing through the ECS while the imaging modalities measure total tissue O 2 .
Electrochemical measurements
The polarographic electrode has been used for 70 years to measure oxygen in tissue. In addition, they could be made in micrometer dimensions allowing for oxygen measurements with spatial resolution over small areas of tissue. The microelectrode could then be used to locate sites of oxygen consumption and map oxygen concentration gradients. In tumors, the level of oxygenation can be diagnostic in predicting the propensity toward metastasis as well as the response to radiation therapy. 85, 86 The oxygen reduction mechanism is: for the two electron process. The four electron process occurs on platinum and the two electron process on gold. At any electrode the current is limited by the kinetics of the electron transfer between the electrode and the analyte in solution, and/or the rate of mass transport of the analyte to the electrode. The description of mass transport and electron transfer kinetics is complex but has been dealt with theoretically. 87 In practice, the situation can be greatly simplified by using static electrolyte solutions or tissues, for example, so that the only form of mass transport is diffusion, and speeding up the electron transfer kinetics by using negative overpotentials. Such is the case for the polarographic or amperometric oxygen electrode poised at −0.6 V vs. the standard calomel electrode (SCE) reference potential. The physical principle behind the oxygen electrode is that the diffusion limited current is directly proportional to the dissolved oxygen concentration. Oddly enough, tracking the diffusion limiting current does not actually measure the partial pressure of oxygen, but the flux of dissolved oxygen to the electrode. Partial pressures are related to flux in the calibration procedure.
In 1942 Davies and Brink were the first to report the use of a bare platinum microelectrodes (25 µm diameter) to measure oxygen in tissue. 88 These investigators developed and characterized two types of oxygen electrodes which formed the basis for nearly all designs that have followed. The first type uses a disk electrode that is recessed inside a glass capillary. 89 The probe can be made as small as 4-5 µm in diameter (including the insulation) with the electrode recessed by 6-7 µm. 90 The second is more a "standard" electrode design, with a disk electrode flush at the end of the probe. The reference electrode is placed on the outside of the glass sheathing as close to the working electrode as possible. Despite the antiquity of these designs, variants of these two types are still used today. The recessed type is still homemade. 91 The commercially available Licox oxygen probe and the Microelectrodes Inc. MI-730 use a Clark-type design, which a hybrid between the Whalen and standard electrode design. Using a standard disk i.e. non-recessed electrode, Davies and Brink (1942) predicted that the diffusion profiles to a 25 µm disk would be spherical but the mass transfer theory describing spherical diffusion profiles had not yet been developed. They discovered that the non-recessed disk type responded quickly to changes in oxygen concentration; when pressed against an arteriole in the brain of a cat, Brink and Davies could observe oxygen increases after providing the animal with pure oxygen. If placed close to a capillary it recorded a higher O 2 level than in tissue. The most important aspect noted was that such an electrode could be used to map oxygen gradients in tissue. Oxygen tension profiles in the brain were first published in 1948 by Remond. 92 However, the non-recessed disk oxygen probe has one major artifact. During the determination, the oxygen in the tissue next to the electrode is allowed to decrease, resulting in an underestimation of oxygen. Fatt et al. estimated that the oxygen depletion zone in the surrounding tissue extends to six times the diameter of the electrode. 93 However, if a membrane is placed over the electrode, the effects of oxygen consumption are abated significantly. If oxygen diffuses much slower through the membrane than through the tissue, 94 then the tissue will resupply the oxygen faster than the electrode can consume it. The result is that only the oxygen in the membrane is consumed. The disadvantage is slower response and reduced sensitivity. A basic precept for sensing is to attempt to not alter in any way the analyte (or its environment) during the determination. Unfortunately when the amperometric oxygen sensor is polarized the generalized rule is broken by the diffusion limited consumption of oxygen. With the polarographic or oxygen electrode a large negative potential is applied to the cathode −0.7 V vs. Ag/AgCl so that all of the oxygen arriving at the surface of the electrode is reduced. In convective systems, oxygen is constantly being replaced resulting in a defined diffusion layer thickness, δ, next to the electrode. Fig. 3A shows the concentration profiles that result with increasing amounts of oxygen in the bulk solution with a constant diffusion layer thickness. The slope of the concentration profiles increase as the oxygen content in the solution increases from 1 to 2 to 3 as shown in Part A of the figure. The slope of the profiles are directly proportional to the measured current, hence the limiting current is proportional to the oxygen concentration in the solution.
Fig . 3B shows the diffusion layer thickness in static solutions or tissue after the potential is applied. The diffusion layer continues to increase as oxygen is consumed at the electrode resulting in changing concentration profiles over time for a constant bulk concentration. The concentration of oxygen is being depleted around the electrode causing the level of current to continuously fall. The root problem is that the consumption of oxygen by the electrode is not compensated for in anyway. One solution, as pointed out above is to stir, 95 other solutions are to cover the electrode with a membrane that restricts oxygen's access to the electrode, or to use smaller electrodes which consume less oxygen. 96 Current oxygen electrodes use either one or a combination of these solutions to make a practical and reliable in vivo electrode. There is a book chapter entitled "The Brain is not a Beaker". 3 However true that may be, one can still put a beaker in a brain. The recessed oxygen electrode, first referred to as the Whalen-type solved the problem of depleting the oxygen from the tissues by holding the depletion zone for oxygen wholly within the electrode's recess. The design was first suggested by Brink and Davies, then developed by Whalen.
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Further improvements and fabrication methods have occasionally appeared. 97 The recessed volume is filled with electrolyte which provides a known and steady rate of diffusion for oxygen. After in vivo insertion, some minutes are needed for oxygen in the tissue to diffuse into the recession but the major part of the delay is for the tissue to recover from the trauma of insertion. Once in place, the concentration of oxygen in the recession will eventually match that of the tissue. The advantage of the method is that no oxygen gradients are produced in the tissue due to the action of the electrode. The theoretical description of the recessed Whalen-type oxygen electrode was published by Schneiderman and Goldstick in 1978. 98 The optimization of the electrode design is illustrated in Fig. 4A . The ratio of the depth of the recession cavity diameter of the electrode should be at least 10 : 1 electrodes of 5 µm diameter having a 50 µm deep recess. Cavities of these dimensions are immune from external convection, and insure that the diffusion gradient caused by the consumption of oxygen at the cathode is held within the recess. To be sure, the diffusion profiles within the recess resemble at least one of the curves in Fig. 4B . The difference is that the oxygen in the tissue is not directly involved and unlike tissue, oxygen diffusion through the filling solution is reproducible. The hope is that the oxygen sources within the tissue replenish the oxygen at the mouth of recess at a rate commensurate with consumption of oxygen within the recess. When this steady state is reached the current readings can be continuously taken. Fig. 4C shows the membrane covered microelectrode. The membrane covering helps with biofouling and the depletion of oxygen in the tissue. The development of the non-recessed oxygen probe is still on-going, including the use of carbon paste electrodes which do not require a membrane coating, 99 and membrane covered platinum. 100 Carbon paste electrodes, 160 µm in diameter, have been used to measure brain oxygen in freely moving rats. 101 The carbon paste electrode has legendary low capacitive charging current, and the disturbance to brain tissue oxygen is minimized by using differential pulse amperometry. In this method the difference in current between a voltage pulse at the foot of the oxygen wave (−0.150 V to −0.350 V) and at the top of the wave (−0.350 V to −0.550 V) are taken as Δi. This difference current is proportional to the oxygen in the tissue, and a point can be taken every two seconds. Fig. 4B shows the Clark configuration of the oxygen electrode representing a hybrid between the two designs shown as A and C. Clark's eloquent design placed both detecting and reference electrodes in an internal filling solution behind the membrane. 102 The invention revolutionized the measurement of oxygen in vivo. 103 The theoretical treatments of the Clark electrode has been summarized by Linek. 104 The best model is two dimensional where linear diffusion takes place in the membrane and radial diffusion to the microelectrode takes place within the electrolyte solution behind the membrane. 105 Significant reduction in depletion of oxygen from the tissue should be possible by non-continuous measurements: cyclic voltammetry or potential pulses, using smaller microelectrodes that consume less oxygen and placing the electrode behind a membrane which slows diffusion from the tissue. C.N. Reilley was the first to suggest pulsed amperometry for oxygen detection. 106 Kunze tried the potential pulse method with the recessed oxygen electrode. 107 A difficulty was the time between measured points is several minutes, and large zero oxygen currents are caused by double layer charging. The same problem was encountered when applying pulse techniques to the micro Clark electrode. 103 Thus, in vivo oxygen sensors in use today apply a constant potential. Oxygen electrodes are invasive and consume oxygen. However, both of these artifacts are mitigated by using microelectrodes. So how bad is the consumption of oxygen at the electrode surface? If a 25 µm diameter Pt electrode establishes an oxygen diffusion limited current of 2000 pA, this translates into an oxygen consumption rate of 5 fmol s −1 . If the tissue oxygen partial pressure is 32 mmHg, a typical value for the brain, the bulk concentration of oxygen in the brain of would be 44 µM. Considering a 1000 µm diffusion length out from the electrode surface, the enclosed volume is 500 pL containing 22 fmols of oxygen. A good estimate of the oxygen consumption rate (at least in tumors) is estimated by Dewhirst as 1 mL O 2 /100 g min −1 , 84 since a steady state for oxygen in tissue is present, that is also the rate of supply. This is equivalent to oxygen entering the small 500 pL volume around the electrode at 37 fmol s −1 . The tissue is replacing the oxygen consumed by the electrode faster that it is being consumed by the electrode. The Licox micro-Clark electrode is estimated to underestimate the oxygen content in the tissue by only 0.5%, which is not considered to be clinically significant. Fortunately the brain is not a beaker.
In healthy tissue oxygen content is mostly uniform throughout the whole organ. For example in the rat brain oxygen content is about 11 mmHg, and in muscle 17 
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Oxygen gradients exist but they are small, at least when the animal is at rest or under anesthetic. 109 In tumors the oxygen content in is not uniform over the whole of the mass and oxygen gradients exist between hypoxic portions of the tumor. The effectiveness of therapeutic radiation on tumors is highly dependent upon tumor oxygenation, hypoxic tissue being resistant to radiation treatment. The oxygen electrode was the first device used to examine these variations in oxygen in tumors. 84 Fig . 5 is a conceptual cartoon of the Whalen-type electrode used to measure oxygen profiles in tumors, between two microvessels. The dots represent the placement of the 3-6 µm diameter probe, where oxygen measurements are made. Oxygen was considered to move between the vessels by diffusion, the oxygen on the surface of each vessel serving as boundary values. As reported by Dewhirst the variation of oxygen between the vessels correlated well (at least for half of the experiments) with a two dimensional model that took into account oxygen diffusion along the path between the vessels; the oxygen extending into the tissue in a single plane. Due to oxygen consumption by the tissue, pO 2 dips between the vessels, resulting in a parabolic concentration curve. Longitudinal oxygen gradients along small arterioles and capillaries in the cerebral cortex of rats have recently been measured. 110 
Fluorescence quenching (Oxylite)
The fundamental principles of the fluorescence based oxygen probe have been reviewed. 111 The Oxylite probe is a commercial product of Oxford Optronic Oxford, UK. 112 The fluorescence of ruthenium chloride at the end of the probe is dependent on the oxygen at the probe site, additional quenching corresponding to higher oxygen tension. The probe is 230 µm in diameter and calibration is performed externally using PBS buffer with varying oxygen tension. Unlike the polarographic device, the magnitude of the measured signal is inversely related to the oxygen present, so the signal to noise increases at low concentrations, this is especially useful when measuring oxygen in hypoxic tissues (tumors).
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Both Oxylite and polarographic probes gave comparable results when used to measure the extent of hypoxia in rat tumors, but performance differences were noted, primarily due to the principles of detection and construction. 114 The
Oxylite has a more limited dynamic range (to 100 mmHg), and lower signal to noise at higher oxygen concentrations. The polarographic probe stabilizes quicker but, as explained previously, cannot be used continuously as it consumes oxygen during the measurement. Seddon was one of the first to use the Oxylite probe and compared it against the polarographic probe. 115 When the two probes were placed together in the same tumor, their reading matched for the first 100 seconds, pO 2 starting at 15 mmHg falling to about 2.5 mmHg. The polarographic probe remained at a constant low level. About half the time, the optical probe reported a false steady rise in tissue oxygen. Because of this behavior, the conclusion was that the polarographic was still the best choice.
Imaging
Invasive point-source probes only provide oxygen readings in an isolated region a several hundred micrometers in diameter.
To avoid tissue damage and to map oxygen gradients over larger areas, non-invasive methods have been the focus of development for several years. Most of the non-invasive techniques were developed by comparing results to the "gold standard" of the oxygen electrode. 109 relaxation rate of the probe substance. The signal from, the probe is inductively coupled to the 1200 MHz band of the EPR spectrometer using a coupling-loop, sitting just outside the body. The relaxation rate, measured as the width of the probe adsorption line, is linear with oxygen pressure. EPR imaging of oxygen compares well to F19 MRI, and PET techniques, but not as well with the fluorescent probes. 117, 118 EPR data does compare well to the oxygen electrode in vivo.
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When comparing techniques one must consider the whole procedure. In the case of EPR the probe is implanted and the animal allowed to recover for 7 days before the experiment begins. In the case of the oxygen probe, data is taken soon after insertion. Tissue responses to the trauma of insertion are not allowed to abate before data is taken. Tissue responses have been shown to have a direct impact on the reading from the invading probe, a problem not found with the EPR procedure. 120 More sophisticated EPR probes for oxygen have been developed by constructing an implantable resonator (IR) using a small 0.2 mm diameter loop of copper wire, wound around a paramagnetic species: lithium phthalocyanine. EPR with IR have been used to study intracranial tumor oxygenation were place at 6 mm and 11 mm below the skull, with 5 mm separation. 121 Calibration is done externally. spin lattice relaxation time of the PF is sensitive to the oxygen present in the tissue. 123 The main use of PF with MRI is for cell tracking but there are many other uses. 124 Mason was the first to compare 19 F MRI data with the Eppendorf oxygen electrode. Both methods were used to compare oxygen in large and small tumors. Both methods showed identical trends in oxygen content between the two sizes of tumors. The absolute number for oxygen differed by a factor of three, the imaging technique was higher. 125 19 F MRI oximetry allows not only the mapping of oxygen in tumors, but also images the kinetics of the consumption of oxygen. 126 Spatial resolution is modest, just less than two millimeters. 127 Unfortunately no clinical applications of the technique are possible due to the invasiveness and biocompatibility of the fluorocarbons. 130, 131 In the presence of oxygen, the tracer is oxidized and washed out from the tissue. In hypoxic tissue, less tracer concentration is oxidized and therefore remains in the tissue. PET is therefore an indirect method in that it is based on the uptake of the tracer. A major problem is non-specific binding of the tracer, and slow wash-out from non-targeted tissue. It takes several hours for the contrast to develop and oxygen tissue levels could possibly shift during development. The result is that it is difficult to achieve temporal resolution for levels of hypoxia. PET has the advantage over the oxygen electrode because it gives a hypoxia image-map. Both can be performed before and after treatment, to determine the effectiveness of treatments designed to improve oxygenation. PET is noninvasive but cannot provide absolute value pO 2 measurements.
Positron emission tomography (PET
Nitric oxide
Nitric oxide (NO) has been demonstrated to be a neurotransmitter for more than 20 years. 132, 133 This neurotransmitter affects synaptic plasticity. Dysfunction of NO signaling is believed to be involved with numerous neurological disease states including Alzheimer's and Parkinson's disease. Like oxygen, nitric oxide can diffuse in three dimensions. However, the difficulty is that production rates from endothelial cells or neurons can be complicated. As pointed out by Garthwaite, knowing the concentration is important since at the nM range NO is a cyclic guanosine monophosphate (cGMP) activator and at higher concentrations it reacts with O 2 and superoxide and then at µM concentrations NO undergoes numerous chemical reactions in the in vivo environment. 133 
Sources and sinks
NO is primarily produced from endothelial cells via nitric oxide synthase (eNOS), neurons (nNOS) and microglia (iNOS)
. [134] [135] [136] Generally, the role of microglial-based iNOS is related to pathological conditions and is not considered as part of typical neuronal function in the brain. The sources of nNOS have been well-mapped throughout the mammalian brain. 137 NO has important regulatory roles in the brain such as controlling blood flow after injury. 138 Interestingly, NO has only one known receptor in the brain, with two different isoforms. The NO-receptor has been formerly called the soluble NO-activated guanylyl cyclase since this was found from in vitro studies. This receptor has a K m of 10 nM. However, the receptor isoforms have varying distributions in the brain. The receptors also appear to have a distribution that is complementary to the distribution of nNOS.
Among the different neurotransmitters that are commonly measured in the brain, it could be argued that NO has the most complex post-release chemistry and fleeting dynamics. 139 Mathematical models of NO dynamics illustrate the complexity of this problem. 140 NO is so reactive that questions have been raised about the accuracy of its determination. 141 Indeed, high concentration variations within the brain with several orders of magnitude difference from pM to nM have been reported for NO. 142 Many different pathways and kinetic processes have been widely studied and reviewed for NO. NO is a radical and it is generally believed that its reactivity is the main cause of its removal or inactivation within biological tissues. However, an extensive discussion in a review by chemical and biochemical removal processes. 133 At µM concentrations, NO reacts with superoxide radical to form peroxynitrite. It reacts with thiols to form nitrosothiols and also reacts with hemoglobin. The biological half-life for NO is estimated to be less than 10 seconds due to its biological and chemical reactivity. These and other unknown removal processes make NO measurements challenging to perform and interpret.
Measurement
Electrochemical measurements have been primarily used for NO quantitation and have been reviewed. 143 A significant challenge with these measurements are the interferences at carbon fiber electrodes from catecholamines and ascorbic acid. 144 To elucidate whether the electrode response is due to NO or an interferent, NO inhibitors have been used. While detected levels of NO decreased, the electrode still produced about onehalf of the original current before the NO inhibitor was given suggesting a significant amount of interference. 145 Others have given nitric oxide synthase inhibitors (L-NAME) or injected ascorbic acid as a means to elucidate the source of the NO signal at an electrode surface. 146 In an interesting study for NO measurements in vitro that compared 2 mm disk, 30 µm fibers and 7 µm fibers, both the 2 mm disk and 30 µm fiber electrodes underestimated the NO concentrations due to flux issues. 147 Whether removal of NO from the biological system may affect the overall biology is not known. Additionally, its high chemical reactivity combined with the significant challenges with measurement have led many researchers to focus on measuring byproducts of NO production -nitrite and nitrate, collectively termed NO x . The ex vivo measurements of these products has been suggested to be a reliable measure of NO activity. 148 Microdialysis sampling has been combined with using hemoglobin as a trapping agent for NO. NO binding to hemoglobin shifts the spectral characteristics of the hemoglobin allowing for an optical measurement of the wavelength shift. 149 However, this procedure also is challenging due to the possibility of hemoglobin oxidizing or degrading which also causes similar wavelength shifts. Microdialysis sampling has also been used to collect nitrite and nitrate. In this case, the removal of NO x likely does not interfere with NO release. As denoted above, implantation of objects into the brain would cause an expected foreign body reaction. Microglia are known sources of NO. Microglia contain inducible nitric oxide synthase (iNOS) which would be expected to be upregulated due to the presence of an implanted device. 150 Neurons on the other hand produce NO via neuronal NOS (nNOS). There are different inhibitors available to reduce contributions from nNOS vs. iNOS. 151 This is a rare luxury in bioanalytical chemistry to have methods to knock out individual sources of a targeted analyte. Due to the high reactivity of NO, reported basal concentrations in vivo are significantly variable within the literature. To unravel this complication, new data including the modeling of certain flux pathways has been included in the estimations of the concentrations suggesting that concentrations may range between 100 pM and 5 nM. 152 With recent advancements in the area of in vivo imaging for the links between NO release and cGMP use, the understanding of NO flux will continue to improve. 153 
Glucose
Due to its role in energy metabolism, the measurement of glucose is of critical interest. Like many of the other analytes with significance to neuroscience, the localized basal concentrations as well as the transient changes in glucose after stimulus are of interest. Measurement methods vary and an excellent and comprehensive review article describing many aspects of energy metabolism is available. 154 Glucose has been monitored using electrochemical methods with glucose oxidase (GOX) -modified electrodes, microdialysis sampling, and spectroscopic imaging methods in both human and rodent brain. In humans, microdialysis sampling has been the most widely used method for obtaining glucose concentrations within a damaged brain region (e.g., after a traumatic brain injury).
There is significant interest in identifying and validating biomarkers that can be used to predict outcome for patients who have undergone significant trauma and are thus in an unconscious state. Brain glucose has been investigated as a potential biomarker for clinical assessment and outcome. However, there is now a significant set of data showing that predicting outcomes based on physiological measurements is highly challenging.
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Sources and sinks
Glucose enters the brain from the bloodstream via the Glucose Transporter 1 (GLUT1) carrier protein that is embedded within the blood-brain barrier. The kinetics of this transport process have been well-described and defined in the literature. 159 Glucose then enters neurons via Glucose Transporter 3 (GLUT 3). 160 These transporters have been mapped in the brain with their concentrations. 161 Glucose uptake into astrocytes is believed to occur via GLUT 1. 154 Alterations in glucose uptake from the blood and how glucose flux is regulated has been reviewed. 162 Recently it has been discovered that transport rates of glucose through the blood brain barrier can reach levels twice that of the overall cerebral utilization rate. 163 Once glucose enters cells, the first step in glucose metabolism is the conversion of glucose to glucose-6-phosphate via an ATP-dependent process in the hexokinase reaction. To monitor hexokinase activity, it is common to use 2-deoxyglucose or appropriately-labeled versions including 14 C or fluorine-labeled ( 18 F) 2-DG-fluorodeoxyglucose. 160, 164 PET imaging is commonly used with 2-DG-fluorodeoxyglucose to monitor glucose uptake processes in vivo.
Microdialysis sampling
Microdialysis sampling has been used to collect glucose and other energy metabolites from clinical patients with primarily traumatic brain injuries (TBI), but also for other disease states including epilepsy, stroke, and gliomas, since the early 1990s. 165 It is important to point out the differences between human microdialysis sampling and animal studies. For human studies, microdialysis probes are longer (more surface area with a 10 mm membrane length) and the flow rates used are much lower (0.3 µL min −1 ) allowing for reduced temporal resolution and potential equilibrium with the external tissue surrounding the microdialysis probe. Higher flow rates of 2.0 µL min −1 (which induce a greater flux to the probe) have been used for measuring glucose due to different states such as spreading depression. 166 While there are variations observed in glucose concentrations in the brain after TBI, particularly persistently low glucose is known to lead to poor outcomes. 167 The research community is starting to discover some of the anomalies with the interpretation of microdialysis sampling data within human brain especially after trauma. Nelson et al. found that individualized data was easier to interpret than pooled data. 168 Patients served as their own clusters and patterns were more easily recognizable within those clustered patients than among the entire group. Boutelle and colleagues reported a wide range of glucose concentrations in human brain from 0.19 mM to 1.6 mM in the human brain at 2.0 µL min
Since microdialysis sampling is used in patients with head trauma and injury, it is important to recognize the alterations in tissue properties that would affect glucose transport. This includes alterations in uptake kinetics, integrity of the bloodbrain barrier and tissue volume fraction. 170 In a study involving the use of stable-isotope labeled compounds that could have carefully elucidated flux from control and TBI-implanted microdialysis probes in the rat, only percent conversion from glucose to lactate and glycerol have been reported. 171 Microdialysis measurements have to be interpreted with caution suggesting that many influences and parameters including those associated with flux are likely involved. 172 
Electrochemical measurements
Oxidase-based electrochemical glucose sensors have been described for studies in the brain, mainly for use in rodent brain. 173 As with many of the analytes described in this review, few groups have tried to compare and contrast determinations using different measurement techniques. Fillenz and colleagues calculated the flux from a glucose electrode vs. their microdialysis experiments (4 mm probe). For the glucose biosensor, they calculated the amount of glucose removed using the equation, J = i/nFA, where J is the flux, i is the electrode current (15 nA PET imaging techniques have been widely used for glucose utilization studies using a labeled version of 2-deoxyglucose (2-DG). Since 2-DG can be taken up by glucose transporters, but cannot continue on through the hexokinase pathway, it is a highly useful marker of cellular glucose utilization. Fluorodeoxyglucose, [ 18 F]-FDG, is commonly applied for glucose utilization monitoring with PET imaging in the brain. Glucose transport matters to PET imaging interpretation since it is important to determine the difference between glucose uptake in astrocyte vs. neurons.
177
In vivo NMR spectroscopy has a significant history of application to neurochemical studies. 178 A major advantage to using NMR is the ability to monitor stable-isotope labeled (SIL) compounds. 179 In clinical settings, the technique is frequently called magnetic resonance spectroscopy, MRS. 176 In the early 1990s, 13 C measurements of glucose metabolism in human brain were reported. 180 By positioning the labeled carbon on different sites, it is possible to elucidate different in vivo metabolic pathways. For example, [1-13 C]-glucose is frequently employed as it allows for the determination of glutamate [4-
13
C]-glutamate through energy-producing pathways. 181 Absolute quantitation of glucose has been described for MRS. 182 Steady state glucose concentrations in the brain have been determined using NMR analyses from 4 to 30 mM in the plasma and have been correlated to imaging methods using appropriate Michaelis-Menten kinetics. 183 Linear increases in glucose levels in the brain were reported relative to the blood values between the blood plasma levels within 4 to 30 mM.
Combination measurements
Hutchison and colleagues used PET with microdialysis sampling to measure glucose concentrations and glucose utilization. The PET scan had a 5 × 5 × 6 mm resolution. 184 At 0.3 µL min −1 , glucose had a mean value of 1.4 mM using microdialysis sampling. However, there appears to still be dis-crepancies between the different measurements since the microdialysis collects the localized concentrations and PET measures global uptake which are two different entities. 185 An interesting study combined the use of PET imaging for metabolic rates of glucose and measuring the lactate/pyruvate ratio. PET was used to determine glucose uptake and oxygen uptake while microdialysis sampling was used to measure lactate/pyruvate (L/P) ratio. Among 20 microdialysis probes implanted into 19 patients only one probe indicated an area of ischemia (determined by L/P ratio) that was correlated with the PET study. In this study, flow rates were 2.0 µL min −1 unlike the typical 0.3 µL min −1 . 186 Whether or not the increased flow rate of the dialysis probe induced a more significant flux to alter the lactate/pyruvate ratio would have to be experimentally determined.
Lactate
Lactate is the metabolic end product of glucose metabolism and is therefore of importance in clinical medicine. More importantly the efficiency of metabolism can be determined by the glucose/lactate ratio and the lactate/pyruvate ratio. Lactate concentration changes must be interpreted with care since measured concentrations are end result of the input to and outputs from the measurement site containing the dialysis membrane, rather than flux through ECS. 187 Like glucose, lactate can be measured using electrochemical methods, microdialysis sampling, and MRS. Most published comparisons focus on microdialysis sampling vs. imaging. Typically when the two techniques are combined they are used in combination to gain more information about the overall system rather than as a means to compare one measurement technique to another. 188 Magnetic Resonance Spectroscopy (MRS) is used to obtain overall clearance rates and microdialysis sampling is used to determine the lactate to pyruvate (L/R) ratio. A recent guide to understanding and interpreting metabolic data using NMR studies has been published. 189 
Sources and sinks
Glucose is converted to pyruvate in normal metabolism and then pyruvate is converted to lactate. In the neuroscience literature there is tremendous interest in the shuttling processes of energy-related solutes (glucose, glutamate, lactate and pyruvate) between neurons and glia. 190 There is recent evidence that neurons use lactate rather than glucose. 191 However, others have cautioned that it is difficult to determine the overall role of lactate since the methods used for these measurements are discordant. 192 In clinical medicine, the lactate/pyruvate concentration ratio (L/P) is important as it is an indicator of metabolic distress where the ratio is significantly increased. In neuroscience applications, particularly in humans, this increase is often caused by an overproduction of lactate caused by insignificant oxygen concentrations (hypoxia). High L/P levels are frequently an indicator of poor outcomes in patients with head trauma or stroke.
Electrochemical measurements
Lactate can be measured using enzyme-based lactate oxidase electrodes. 193 As direct implantable sensors (i.e., not coupled to microdialysis sampling), these devices have only been used in animal studies. However, in animal studies the rapid time resolution for these sensors has allowed unique biochemical insights regarding lactate pools and shuttling of different energy-related solutes across the extracellular fluid space to be determined. 194 
Microdialysis sampling
Microdialysis sampling has been used for collection of energyrelated solutes in the human brain for more than two decades. 172 Only recently have reports emerged describing experiments aimed to determine concentration changes if physiological parameters known to influence analyte flux are altered. For example, Hutchinson compared in vivo microdialysis parameters of glucose, glutamate, lactate and pyruvate to cerebral blood flow and oxygenation measured using PET. The goal of the study was to attempt to correlate different concentrations or ratios of metabolic products of glucose metabolism (lactate, pyruvate, and glutamate) with measurements such as cerebral blood flow and oxygenation that can be measured using PET scans. The important constraint to consider is that PET information only measures the brain activity while a patient is being scanned. Microdialysis sampling allows for sample collection throughout the implantation period with defined sampling intervals. The microdialysis sampling approach allows a continual measurement at the implantation site and the PET scan gives information about the entire brain. 195 Interestingly, the only correlation found between the two measurement techniques (PET vs. microdialysis sampling) was the lactate to pyruvate (L/P) ratio and the oxygen extraction fraction (OEF). No correlations with cerebral blood flow (CBF) were observed with the microdialysis sampling data compared to the PET data. In a recent study, Asagari and colleagues sought to determine how lactate/pyruvate (L/P) ratios might be altered in human brain under conditions of vasodilation and vasoconstriction which can happen in patients with traumatic brain injury. 196 As noted by Hutchinson and colleagues (above), there were not strong correlations between L/P ratios and changes in cerebral hemodynamics. Other researchers have also noted the lack of correlation among different parameters used in the clinic such as brain tissue oxygen and intercranial pressures and perfusion pressure when compared to microdialysis measurements. 197 Still other researchers have noted alterations in L/P ratios prior to the onset of pressure changes in the brain. 198 
Caution regarding pathophysiological events and measurement of energy related solutes
During a traumatic brain injury, numerous biochemical and physical events occur all of which would affect flux of any solute through the brain and thus impact measurement interpretation. For each measured analyte from an injured brain, it is likely the sources and sinks are changed and are also unique to those analytes. For example, even glucose transporters to the neurons (GLUT 3) are known to be significantly upregulated (300%) after TBI. 199 Couple these biochemical changes with physical changes in the volume fraction and tortuosity that occur after a traumatic brain injury and it is easy to see that many possible alterations in microdialysis extraction efficiency may occur. Additionally, these changes may also be transient during the collection process. Inclusion of stable-isotope labeled (SIL) targeted energy solutes in the microdialysis perfusion fluid would allow for an estimation of how sensitive the technique is to biochemical and anatomical changes occurring throughout the microdialysis sampling collection period. Unfortunately, to our knowledge, the use of SIL-compounds to address potential differences in microdialysis probe calibration throughout sampling from a human ischemic brain has not been reported. Some have used 14-C labeled compounds, the end measurements were 14 CO 2 . 200 This does not give information about localized changes in uptake or loss. In a small study of eight animals with different concentrations of stable isotope labeled (SIL) glucose at different concentrations (25, 10 and 5 mM), Clausen and colleagues measured glucose, lactate and glycerol using GC-MS in animals with a microdialysis implant, and a microdialysis implant combined with an induced traumatic brain injury and followed the cycle of the energy-related solutes and their metabolites. The dynamic changes in many of these physiological and biochemical parameters throughout the augmentation period are of concern with real interpretation of the chemical measurement data. A combination study of local delivery of 13 C labeled substrates (2-(13)C-acetate or 3-(13)C-lactate) combined with measurement of collected dialysates with NMR allowed determination of the fate of these substrates through the tricarboxylic acid pathway. 201 
Glutamate
Glutamate is both a neurotransmitter and an important energy metabolite. Similar to glucose and lactate, glutamate has also been measured in vivo using microdialysis sampling, electrochemical measurements, and via different imaging modalities. In rodent studies, glutamate is typically measured using enzyme-based electrodes for elucidating aspects of neurotransmission. Microdialysis sampling is also used in rodent studies related to neurotransmission. Microdialysis sampling has been widely used in human brain to collect glutamate from brain injured patients. At high concentrations, glutamate is toxic to neurons and thus a significant interest in the concentration of glutamate under different neuropathological conditions exists. Ischemia is one condition that is of significant importance. Sykova and colleagues have extensively investigated different changes to tortuosity and volume fraction under a variety of conditions using both ionotophoretic techniques with ion-selective electrodes for the measurement of tetramethylammonium (TMA  + ) ion and diffusion-weighted magnetic resonance.
10,202
Glutamate sources and sinks
Glutamate is an excitatory amino acid neurotransmitter. Glutamate can signal across the brain not only via synaptic transmission, but also via volume transmission (overflow). 203 Approximately 50% of the synapses in the brain are believed to release glutamate. Some glutamate is produced from glucose metabolism. The uptake processes for glutamate in the brain are primarily transporter driven and have been thoroughly reviewed.
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Glutamate measurements
Rather than reiterate what has been written for the electrode, microdialysis and MRS techniques in previous sections, this section will highlight important issues that have arisen with measurement of glutamate with these techniques. The same issues of flux and uptake exist for glutamate between microdialysis and electrochemical measurements. The in vivo turnover of glutamate and its flux through various cycles using magnetic resonance spectroscopy (MRS) data in rodents and humans has been reviewed. 176, 207 8.2.1 Differences between biosensors and microdialysis sampling. Microdialysis sampling consumes a significant amount of material relative to electrochemical sensors as was outlined in the section on glucose. Differences in reported concentrations between the measurement techniques have been reported. Additionally, behavioral changes result in differential neurotransmitter concentrations within seconds requiring sensors rather than dialysis measurements. 208 Westerink has reviewed the difference between microdialysis and microsensors and has concluded that glutamate measured by sensors is neuronal and from microdialysis is extrasynaptic.
209
A recent review highlights points out the differences in the glutamate sources or pools that each measurement technique draws from. 210 Gerhardt and colleagues report higher levels of glutamate in different brain regions in comparison with microdialysis in the same regions. 211 For these reasons, it is worth considering these techniques as complementary rather than competitive.
Combination measurements
Microdialysis can be used for glutamate turnover or utilization studies when using 13 C-labeled glutamate. 212 Microdialysis sampling allows for determination of localized flux which is not possible with other measurement methods. An advantage of the microdialysis sampling technique is that localized solute delivery to the probe implant space can be attained followed by collection of localized biochemical events. The flux in such a scenario is highly complex since both the dialysis probe and tissue processes compete to remove the metabolite, but there is no other way to measure such turnover. 213 Microdialysis has been combined with MRS for studies of glutamate flux. A glutamate uptake inhibitor (l-trans-pyrrolidine 2,4-dicarboxylate) was put into the dialysis probe to permit the accumu- lation of released neurotransmitter GLU in the extracellular fluid for 13 C enrichment analysis at 15 min time resolution.
This allowed the research team to isolate rates of glutamate glial uptake and glutamine synthesis. 214 
Catecholamine neurotransmitters
It is with the catecholamine neurotransmitters that electrochemical and microdialysis sampling techniques have been used for close to four decades. In vivo electrochemical methods for measuring dopamine have been described since the 1970s by Ralph Adams and his research group. 215 Variants of microdialysis sampling were reported in the early 1970s. Measurements of serotonin quickly followed. 216 However, for electrochemical measurements, serotonin caused known electrode fouling which has taken decades to solve satisfactorily. 217 Using these electrochemical techniques, differences in the regulation of different neurotransmitters has been elucidated. 218 As with many of the other analytes, it is rare to see studies that have directly compared determinations obtained with different techniques. In this section, what is known between in vivo measurements of the different neurotransmitters will be briefly described with an emphasis on comparing the numerical results and determining if they are reasonable for the study. Summarizing all the differences in flux or concentration measurements between microdialysis sampling and electrochemical methods observed for all catecholamines is too large of a task to be included in a single document. Additionally, since there has been a significant body of work describing dopamine, this section with highlight this work and equivalent studies for serotonin as appropriate.
Sources and sinks
In the brain, dopamine is released from dopamine-containing neurons. These neural pathways are enriched in various brain areas where some areas are far more innervated with dopamine terminals than others resulting in significant heterogeneity for dopamine throughout the brain. 219, 220 Heterogeneity throughout the brain makes it difficult to assume homogeneous concentrations. Dopamine-releasing neurons are believed to exist at a density of approximately 0.5 per µm 3 of tissue in dopamine-rich regions. 20 Alterations in sources (neuronal terminals) can occur with disease or drug usage. Dopamine terminals decreased by 20% with cocaine administration. 221 Dopamine is released into the ECS through dopaminergic neurons. The process of release and dynamics of release have been studied with single cells and voltammetry. Dopamine is removed via several different processes with the major contributor to dopamine removal from the ECS being the dopamine transporter (DAT). Different research groups have contributed to the understanding of the processes that serve to input and remove dopamine 222 and in some cases add dopamine back to the ECS. 223 Gerhart's group has looked at overall dopamine transporter analysis by comparing complementary techniques of electrochemistry and autoradiography. 224 A significant amount of work has focused on the dopamine transporter, and voltammetry studies have allowed an understanding of the dynamics of this important sink for dopamine. 225 When different drug agents were diffused through two implanted microdialysis probes separated by a 1 mm distance, the neurochemical outcome was monitored in the second probe placed only 1 mm away. This work demonstrated highly active areas and removal processes over a relatively short distance. 226 Additionally, Gratzl and colleagues have demonstrated dopamine depletion dynamics for different pulse sequences using staircase voltammetry. 227 The input and output processes for dopamine have been widely modeled for both electrochemical and microdialysis sampling measurements. [228] [229] [230] Dopamine release from neurons can also undergo different temporal resolution and have a phasic and tonic release. The tonic release rates alters dopamine concentration on the minute time scale; whereas, the phasic release rates are in the sub-second range. In terms of flux measurements, this means a basal concentration of dopamine exists and that large changes in dopamine concentrations require significant inputs into the synaptic bundles to obtain a pulsed concentration. Such changes could only be measured using electrochemical methods rather than with microdialysis sampling.
The source of serotonin is its synthesis from tryptophan via tryptophan hydroxylase and aromatic amino acid decarboxylase. In vivo, extracellular serotonin is difficult to detect due to lack of analytical techniques for its measurement. In vivo detection by a bare carbon fiber electrode using fast scanning cyclic voltammetry (FSCV) is problematic due to 5-hydoxyindole acetic acid (5-HIAA), which gives a similar signal but is present at hundreds of times the concentration of serotonin. Serotonin release and reuptake have been modeled mathematically, 231, 232 Because uptake and removal rates are similar, extracellular serotonin is estimated to be 0.768 nM. This predicted number was very close the value of 0.64 nM recently measured by Zhang.
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In vivo the two main types of detection are electrochemistry with carbon fiber electrodes and microdialysis. Again, the difficulty in comparing microdialysis with electrochemistry is that experiments are uniquely different. The electrochemistry experiments measure changes in extracellular serotonin on a short time scale (seconds), whereas microdialysis measures extracellular serotonin over minutes to hours. Using electrical stimulation in the serotonin cell body of the dorsal raphe nucleus, the serotonin produced at the substantia nigra ritiu-lata is measured with a carbon fiber. The difficulties in electrochemical detection with FSCV were abated by covering the fiber with Nafion and later altering the potential waveform applied. 234, 235 Extracellular basal levels first measured by a Nafion coated carbon fiber using differential pulse voltammetry estimated a basal extracellular serotonin level of 10 nM. 234 If the probe is operating in vivo there is no way to know the exact amount of serotonin made, or what percentage diffuses over to arrive at the carbon fiber sensor. Since the electrode has to oxidize serotonin to provide a current, we can calculate the rate at which the electrode is consuming serotonin. The question we hope to answer is whether or not the action of the electrode, consuming serotonin, distorts the endogenous concentration. Using data from Wightman's figure (Fig. 7, ref. 234), where serotonin is monitored in vivo over time; 235 the resulting concentration seen at the carbon fiber after stimulated serotonin release, peaks at 20 nM. Using the electrode sensitivity listed as 50 nA µM −1 , the current level at the 20 nM peak is 1 nA; so at the peak the electrode is consuming serotonin at the rate of 5 pmol s −1 . If the supply rate were known, the consumption by the electrode distorts the reported concentration could be estimated. Unfortunately, neither the amount of serotonin produced by the electrical stimulation nor the rate at which it reached the tissue close to the electrode is known. If consumption at the electrode is having an impact, the values would be reported at levels lower than actual concentrations. The working assumption is that the actions of the electrode have little effect on the in vivo concentrations. There has been some recent success in measuring relative levels. The rise in serotonin upon stimulation is temporary, lasting only 5 seconds, unless an SSRI (selective serotonin reuptake inhibitor) is present which prolongs the time that serotonin remains in the extracellular space. Because the in vivo measurement of serotonin is so problematic, other in vitro approaches have been used such as studies using neuronal synaptosomes. 236 Synaptosomes are obtained by homogenizing and centrifuging nerve tissue. The result is that only the synaptic part of the nerve cell is isolated.
Synaptosomes still retain a sealed cell membrane, and most of the biological function, including the uptake of serotonin. Their use "solves" the two problems mentioned above; the amount of serotonin available in the "extracellular space" can be artificially controlled, bypassing the unknowns of the amount serotonin produced in the tissue, the serotonin consumption by the in vivo sensor, and diffusion through the tissue. The use of synaptosomes has provided valuable information about the reuptake of serotonin in vitro. Serotonin has also been measured by in vivo microdialysis the basal extracellular concentration of 1.8 nM. 237 Microdialysis measures the basal level changes after injections of different inhibitors to serotonin release or uptake. 238 The temporal resolution has been improving for microdialysis as detection by HPLC has been speeded up considerably. 233 
Measurement comparisons
Electrochemical measurements are far better suited for measurement of rapid dynamics and kinetics of different dopamine processes. 239 On the other hand, microdialysis sampling in vivo calibration (extraction efficiency, EE) only changed by less than 10% when cocaine was used to block the dopamine transporter. 51 This demonstrates the relative insensitivity of microdialysis sampling calibration to significant tissue kinetic alterations. Wightman and colleagues performed a direct comparison of microdialysis vs. fast scanning cyclic voltammetry (FSCV) using the dopamine uptake inhibitor, GBR 12909. FSCV gave a 500% overflow as compared to a 250% overflow using microdialysis sampling at 2 µL min
shown in Fig. 6 . 240 The electrode measurement showed rapid dopamine changes caused by evoked dopamine release within the reported 10 minute sampling time vs. the microdialysis approach which began to rise at 40 minutes and maximized at 60 minutes. Again this demonstrates that microdialysis sampling is less sensitive than electrodes to large and dynamic changes in parameters such as uptake that affect flux. Indeed, the slower rise to steady-state after administration of the GBR 12909 for microdialysis sampling shows the tissue cannot replenish the dopamine fast enough for the dialysis probe. This is in contrast to the electrode where a steady state is nearly immediately seen after GBR 12909. It is generally becoming accepted that differences in measurements are expected between microdialysis sampling and electrochemical measurements. This is in contrast to a previous consensus of microdialysis sampling and voltammetry giving similar results. 241 The reasons for this underestimation are likely due to flux, insertion damage, and temporal resolution differences. It is worth reiterating that microdialysis probes are 40 to 100 times larger in their external diameter (200 to 500 µm) than electrodes (5 to 10 µm). Given this larger size, they will induce more damage upon insertion with observed differences in different solute concentrations such as uric acid when different-sized electrodes were compared. 242 Concerns about tissue damage and the concentration differences observed between microdialysis sampling and electrochemistry for dopamine have been described in numerous papers from Adrian Michael's research group from the late 1990s to the present where use of pharmacological agents to reduce inflammation at the probe implant site has been used. 82, 243 However, the reasons for this may be a combination of flux issues as well as how differences between the techniques affect different sources of the dopamine as has been described by those working in the field with glutamate.
Summary and future prospects
In vivo measurements of neurotransmitters will continue to be dominated by electrochemical sensing, microdialysis sampling and imaging approaches. Microdialysis sampling procedures induce a significant flux of analyte to the microdialysis probes relative to electrochemical sensors. Imaging techniques are not sensitive enough to measure concentrations of neurotransmitters of interest and typically require use of either radioactive or stable isotopes. More work is necessary to be able to reliably compare different approaches that are used during measurement. This is particularly a problem with microdialysis sampling where different flow rates are commonly used and flow rates certainly alter the flux to the dialysis probe. An interesting meta-analysis approach to compare different microdialysis sampling techniques has been described with dopamine and cocaine inhibition experiments performed using microdialysis sampling. 244 Differences between species (mice vs. rats) and technical parameters (flow rates, injection routes) were examined for dopamine overflow measurements in the nucleus accumbens using microdialysis sampling. The overflow measurements seem to be fairly consistent, dose dependent, and insensitive to microdialysis sampling technical parameters. Interestingly, this same group performed a meta-analysis on acetylcholine measurements and found more standardization is necessary. 245 Most neurochemicals of interest overflow from their release sites to a site far away for measurement. This is an issue for overflow since you want to know what happens directly in the synapse. However, nanoelectrode devices have been recently described for in vitro single cell analysis of dopamine. 246 With significant research interests in nanoscale electrochemistry and devices, many more devices are certainly to be produced and described in the future. [247] [248] [249] [250] It may be that only through the use of a combination of tools (e.g., in vitro and in vivo) combined with careful consideration of outputs including nano-based tools and sensors will the true fluxes be understood. 251, 252 
